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INTRODUCTION 22
A wide range of new engineered nanoparticles are becoming available for use in water and 23 wastewater treatment (Jefferson, 2008) . Recent examples include nano silver coatings on 24 socks to inhibit microbial growth and hence odour (Ross, 2004) and zero valent iron nano 25 particles for groundwater remediation (Huang et al., 2008; Ahmadimoghaddam et al., 2008) . 26 M A N U S C R I P T
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2 engineering one: how to implement (scale up) a nano scale process at the meso or macro scale 29 (Wintermantel, 1999) . For context, water treatment facilities vary greatly but typically treat 30 flows in the order of 10s to 100s of ML.d -1 . Converted to nano particles, which are typically 31 in the size range 1-100 nm this equates to 7.2x10 26 particles and thus there is a challenge. The 32 M A N U S C R I P T
3 reuse (Pidou et al, 2007) . Consequently, it provides an alternative to biological systems such 54 as membrane bioreactors (MBRs) where the small scale of operation, proximity to the end 55 users and the potential for toxic shocks provides a relatively high process failure risk 56 (Jefferson et al., 1999; Knops et al., 2007) . Similar high performance of photocatalytic 57 systems have been reported for the treatment of dyes (Molinari et However, during the greywater investigation significant membrane fouling was observed. 63
Consequently, the system could only be run for about 10 days at a flux of 5 L.m -2 .h -1 (LMH) 64 before a chemical cleaning of the membrane was necessary (Pidou et al, 2008) . This was 65 found to be contradictory to results of a previous study in which the MCR pilot plant was 66 operated in batch mode (Rivero et al., 2006) . Very little or no fouling was observed during 67 the batch experiments for fluxes up to 120 L.m -2 .h -1 . Such differences in operation are 68 surprising but the results obtained during the batch operation tests can be explained by the 69 fact that the greywater was rapidly treated and consequently for the higher fluxes the TiO 2 70 was dispersed in fairly clean water and very little or no fouling was observed. This suggests 71 that the fouling propensity of TiO 2 changes significantly in the presence of a waste, in this 72 case greywater. 73
A paucity of literature on operation of such photocatalytic hybrid membrane systems, 74 especially for medium to high strength organic wastes, potentially limits the uptake of the 75 technology to full scale operation. Specifically two key questions remain unanswered: (1) 76 how to develop systems that can treat sensible flows whilst ensuring all the TiO 2 in the systemM A N U S C R I P T
4 is active and hence degrades the organics and (2) how to ensure the membranes does not foul 78 in systems that answer question 1. 79
The current paper addresses question 2 by examining the impact of different grey water 80 products on the fouling behaviour of the system elucidating the major changes in the system 81 when fouling occurs. 82
83
MATERIALS AND METHODS 84
Filtration system 85 A bench-scale filtration system was used to replicate the fouling experienced when operating 86 the membrane chemical reactor (MC-R TM ) (Water Innovate Limited, UK). Trials were 87 conducted to study the influence of different parameters on titanium dioxide (TiO 2 ) and its 88
properties to foul membranes. This system was composed of a 9-litre PVC tank in which the 89 TiO 2 and greywater slurry was placed. The slurry was pumped across the membrane module 90 (Perspex, 28 cm × 20 cm × 8 cm) and back to the reactor at a crossflow velocity of 0.16 m.s terms of COD in feed grey waters from sampled sites around the world (Pidou et al., 2007) . 104
The COD concentration of the products were measured prior to use at 360 appear that almost complete removal of the organics is necessary due to the relationship 217 between irradiation time and fouling. Ultimately, successful reactor design will need to based 218 on an understanding of this issue to deliver the most economic technology possible. 219
DISCUSSION 220
The work presented in the current study demonstrates one of the barriers to implementation of 221 hybrid membrane processes utilising photo catalysis, namely, the potential for rapid fouling 222 due to undesirable changes to the aggregates of nano TiO 2 when combined with specific 223 chemicals. In the current case this appears to be related to the presence of polymers within 224 some greywater products which greatly enhance the aggregation process forming very large 225 organo-TiO 2 aggregates that reduce the operating flux achievable within the system. In the case of horizontal configured membranes, such as the cross flow test membrane 239 systems used here, another factor needs to be considered in terms of the inertial lift generated 240 by the cross flow velocity that prevents cake build up and hence critical flux. In the current 241 case inertial lift theory suggests that all but the shower gel aggregates would lift at velocities 242 considerably below the one used. However, in the case of the shower gel tests the inertial lift 243 velocity is 0.154 m.s -1 which is around the actual velocity the test cell was operated at. Visual 244 inspection during the experiments confirmed this although it is an outcome of supra critical 245 flux operation rather than a direct cause. As stated earlier the original fouling problem was 246 observed during long term trials with a continuously operating unit with the membrane 247 vertically orientated which suggests that cake layer build up through insufficient inertial lift is 248 unlikely to be the sole reason but could definitely be responsible for some of the observed 249 fouling in the current case.
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Ultimately, whatever the mechanism of fouling, management of the organo-TiO 2 aggregates 252 is crucial for effective operation of such technologies. Given that sufficient irradiation of the 253 organo-TiO 2 complex resolved the fouling problems in the current study suggests that the key 254 to uptake of the technology is in effective design of the UV reactor systems rather than 255 improvements in the membrane. The challenge becomes how to ensure enough of the TIO 2 256 surface reacts with the UV light. Transmittance in such systems is generally very low and 257
hence TiO 2 particles must contact the lamp to ensure treatment. This becomes difficult when 258 considering large aggregates of sizes in the ranges observed here as they will contain 259 thousands of individual TiO 2 particles. However, if nanotechnology solutions like the 260 membrane photocatalytic systems are be implemented for large scale water treatment in the 261 future solutions will need to be generated. 
